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Introduction
Nanocomposite coatings are a new category of coatings which may have unique mechanical, physical and multifunctional properties which have shown increasing interest in industries, such as automotive, electronics and aerospace [1] . Composite structures are promising for addressing the limitations of conventional monolithic structures to achieve excellent combination of strength, stiffness, toughness, and some other functional properties [2] . Compare to bulk composite materials, which can be classified based on the dimension of the reinforcements, structures of nanocomposite coatings also can be similarly grouped into dimension by reinforcements, such as the zero-dimensional multicomponent coatings [3, 4] , one-dimensional nanofiber reinforced coatings [5] [6] [7] , two-dimensional multilayer coatings [8, 9] , and threedimensional multigrain coatings [10] .
Nanofibers are widely used as reinforcements in bulk polymers, ceramics, and metals based composite materials [11] [12] [13] . However, less studies have been carried out to fabricate the one-dimensional nanocomposite coatings, which may have excellent properties due to the unique microstructures of the nanofibers. Thus, it is important to explore feasible approaches for the deposition of nanofibers reinforced composite coatings. Carbon nanotube (CNT) is one of the most attractive one-dimensional materials which has high aspect ratio, enhanced tensile and elastic properties, excellent electrical and thermal conductivity, etc. [14] . These extraordinary properties make CNTs one of the most promising reinforcements for the one-dimensional nanocomposite coatings, to improve the tribological, corrosion, electronical or thermal properties of the coating system [15] [16] [17] [18] .
In fact, the overall performances of the CNTs reinforced composite coatings are determined by the distribution of the reinforcements in the matrix [19] . However, it is difficult to achieve a homogeneous dispersion of the CNTs because of agglomeration.
Researchers have developed different strategies to fabricate the CNTs reinforced nanocomposite coatings, including the premixing process and two-step approach.
The premixing process is commonly utilized for wet deposition processes, such as electrodeposition [20] [21] [22] [23] [24] , electroless plating [25, 26] , electro-brush plating [27] . Guo et al. fabricated the CNTs reinforced Ni based nanocomposite coating using the electrodeposition process, while the existence of CNTs can improve strength, toughness, and corrosion resistance of the composite coating [20, 21] . Akyol et al.
deposited a CNTs reinforced Ni-W-P composite coating by electroless deposition which exhibited enhanced hardness and corrosion resistance [26] . The Fe/CNTs composite coating showed low friction coefficients and wear resistance due to the lubrication effect of CNTs which was fabricated by electro-brush plating [27] .
However, the ultrasound agitation and stirring cannot totally avoid the aggregation of CNTs in wet environment. Therefore, it was considered that appropriate dispersants are needed to avoid the re-aggregation of CNTs in the plating bath, and the results indicated that mechanical atomization yielded best effective at disintegration compared to magnetic stirring and ultrasonic homogenization [25] .
Premixing methods like ball milling and in-situ preparation are also feasible for thermal spray coating deposition processes, which are conventionally used for bulk composites depositions [28] . CNTs reinforced Al [29] , Cu [30] , and TiO 2 [31] based nanocomposite coatings have been developed in the past decades, Bakshi et al.
prepared the CNTs reinforced Al nanocomposite coating by cold spray, and elevated elastic modulus was achieved when 0.5 wt. % CNTs were loaded [29] . However, it was reported that the mechanical mixing process can cause damage to the CNTs to some extent [32] . Besides, CNTs/metal particles were in-situ formed by CVD methods in order to achieve a homogeneous distribution of CNTs [33, 34] .
Conversely, the harsh growth conditions may cause degradation to the metal particles [33] .
The premixing approach provides a practical way to achieve the randomly dispersed CNTs reinforced nanocomposite coatings, which is concentrated on the improvement on the mechanical properties of the nanocomposite coatings. The two-step strategies intend to use the vertically aligned CNT (VACNT) films as base for the deposition of multifunctional nanocomposite coatings [5] , due to the unique properties of the vertically aligned architecture, which can avoid the damage on CNTs through the premixing process. However, limited studies have been conducted using the two-step approach due to the challenge to diffuse the matrix into the high density VACNT films.
Kinoshita et al. developed the CNTs reinforced DLC nanocomposite coatings with microwave PECVD. Nevertheless, the DLC matrix cannot fully infiltrate into the dense VACNT films, even though the internal stress of the composite coating was decreased [5] . Jampani et al. prepared 3D architecture of VO x /VACNT through the two-step approach, vanadium oxides were deposited on the CNTs by CVD process.
As considered that the composite structures have a lot of advantages, such as high electronic contact, good ballistic electron transport, short diffusion distance from interface to interface, and high overall capacitance [35] . Zanin et al. studied the field emission property of the DLC-CNT hybrid which exhibited high emission current, great stability, and long lifetime [36] . Susantyoko et al. sputtered to form the NiO/VACNT composite electrode for lithium ion batteries, while significantly improvement in capacity was achieved due to the composite structure which can provide superior ion and electron transport [37] . Consequently, it was considered that the organised architectures can provide multifunctional properties to the nanocomposite coatings [38] [39] [40] . However, there is a general shortcoming in achieving these composite structures, because the dense VACNT film will limit the infiltration of the matrix. Thus, it is timely from both scientific and practical viewpoint to develop feasible approach to form well-designed VACNTs reinforced nanocomposite coatings.
In this work, the VACNTs reinforced nanocomposite coatings were fabricated using the atomic deposition processes in order to get a fully composited architecture.
VACNT films were grown by PECVD, while inert element contained catalyst films were applied to decrease the density of the VACNT films. Furthermore, both physical vapour deposition and chemical vapour deposition methods were utilized to fill the matrix into the intertube gaps between the CNTs. Morphologies and microstructures of these nanocomposite coatings were characterized by SEM, AFM, TEM, and
Raman spectroscopy, and the formation mechanisms of the nanocomposite coatings are summarised based on these results. Electrical conductivity was measured by a four-probe tester to evaluate the performances of these nanocomposite coatings.
These one-dimensional nanofibers reinforced composite structures could be used to improve electrical, tribological or thermal properties of the composite coatings.
Experimental
Silicon wafers (100) (Lijing Ltd. China) were used as substrates. Stainless-steel (SS)
and Ag-SS catalyst films were deposited by the novel active screen plasma (ASP) technique using a DC Klöckner Ionon 40 kW furnace. The sputtering processes were carried in an ambient of hydrogen plasma at 200 for 10 min using different lids.
Vertically aligned CNTs were subsequently synthesized at 450 for 100 min by a commercial rf PECVD (P500, 13.56MHz, Thin Film Solution Ltd). The growth processes were conducted at 30 W and acetylene was used as carbon source, diluted by argon and hydrogen, and their corresponding flow rate were 5 sccm, 50 sccm and 10 sccm. The specific settings are shown in our previous work [41] . The VACNT films were used as substrates for the fabrication of the nanocomposite coatings. Pt-CNT coatings were deposited with a mini sputter coater with Pt target at room temperature for 3 min. Ag-CNT coatings were fabricated with a magnetron sputtering ) was used as droplets and the dropout volume was around 2.5 μl with a dropout rate of 0.5 μl/s, whilst the contact angles were measured by the software.
Electrical conductivities of the nanocomposite coatings were evaluated by an RTS-8
four-point probe apparatus, while a current source was applied on two of the probes, and the inducing voltage on the other two probes were measured to calculate the sheet resistances.
Results and discussion
Catalyst films
Surface morphologies of the catalyst films are shown in Figure 1 . The catalyst films were formed by the nanoparticles sputtered from the active screen lids. Figure 1(a) shows the SS catalyst film, sizes of these SS nanoparticles are around 20 nm, and the nanoparticles are uniformly distributed on the surface. Figure 1(b) shows the morphologies of the Ag-SS catalyst film. Unlike the SS catalyst film, some large particles are randomly distributed on the surface, which were verified to be Ag particles, attributing to the high sputter rate of silver [42] . Sizes of these Ag particles varied from ~10 nm to ~500 nm. It is known that noble silver does not have catalytic function for the growth of CNTs, because the solubility of graphitic carbon in silver is limited and cannot form stable carbides [43] . Thus, these silver particles can act as barriers in prohibiting of the growth CNTs in order to decrease the density of the VACNT films. The using of composite catalyst film provide a more convenient way to control density of the VACNT films, compare to other potential methods, such as patterning [44] and other post treatments [45] . This verified that noble Ag particles were effective to inhibit the growth of CNTs, which is a feasible way to control the density of the VACNT film. formed with a tip growth mechanism. However, beside these multi-walled CNTs, some carbon nanofibers (CNFs) were also generated from the Ag-SS catalyst film. As no catalyst particles are found in the CNFs, indicating these CNFs were formed with a bottom growth mechanism. Higher intensity ratio of the CNTs grown from Ag-SS catalyst film indicates more defects were generated within the CNTs, which may cause by the interference of silver particles. Figure 4 Raman spectra of the VACNT films grown from stainless steel catalyst film and Ag impregnated stainless steel catalyst film.
Nanocomposite coatings
Several attempts have been carried out to explore the deposition of the CNTs reinforced nanocomposite coatings through the two-step approach. VACNT films with different density were applied to find an applicable method to achieve the welldesigned composite structure. Figure 5 (a) presents surface morphology of the Pt-CNT nanocomposite coating, and there was no dense composite structure formed due to the low sputter rate of Pt. Pt nanoparticles were generated during the sputtering process, which are feasible to penetrate through the CNT film, and coated on the CNT surface. However, the continuous impacts from the Pt nanoparticles can break the vertically aligned structure of the CNTs. The insert TEM image illustrates that Pt nanoparticles were coated on the wall of CNT with size of about 5 nm. It is difficult for the small Pt nanoparticles to fully fill the gaps without damaging the VACNT films.
Sizes of the sputtered particles are correlated with the sputtering conditions and the intrinsic property of the targets during a PVD process. Figure 5 (b) shows the crosssection view of the Ag-CNT nanocomposite coating, while large silver particles were formed during the sputtering process, which cannot infiltrate into the CNT film, whilst an obvious interface between the Ag layer and the CNT layer can be observed.
Mechanical bonds were formed due to the impact effects from the Ag particles.
Due to the impact effects, CNTs in a low density VACNT film are vulnerable, which can be damaged by the particles in a PVD process. Thus, PVD approach is not capable to fabricate a well-designed composite coating even with a low-density CNT film. However, the multilayer composite structures can be recognised as 2D composite coating, which also have some potential applications [37] . Unlike the sputtering process, volatile precursors in the CVD process can easily diffuse into the CNT film and coat on the CNTs, while amorphous carbon was used as matrix in the CVD process. Figure 6 (a) shows that a surface amorphous carbon layer is coated on top of the dense VACNT film, and it has found that the matrix preferred to accumulate on the tips of the CNTs, and the accumulation layer will inhibit the continuous diffusion of the amorphous carbon matrix. Surface morphology of the nanocomposite coating is shown in Figure 6 (c), while granular surface was formed with a roughness around 13.2 nm, due to the aggregation of amorphous carbon on the CNT tips. Chemical bonds were formed between the amorphous carbon and the CNTs, whilst better adhesion can be achieved compare to the PVD composite coatings.
To improve the diffusion of the amorphous carbon, low density VACNT films were deposited using the Ag-SS catalyst films. The cross-section image of the DLC-CNT nanocomposite coating is shown in Figure 6(b) , while the amorphous carbon was fully diffused into the VACNT film, revealing that well-composited structure can be formed with the low density VACNT film. A relatively smaller surface roughness was obtained of the well-designed DLC-CNT nanocomposite coating, which are about 6.8 nm, and the surface morphology of this coating is exhibited in Figure 6 (d) which has a mild surface. Raman spectra comparison between the DLC film, the CNT film and the DLC-CNT nanocomposite coating are shown in Figure 7 . The DLC coating exhibited overlapped D band and G band due to its amorphous structure and its intensity ratio is 0.58, while separated D band and G band were achieved from the multiwalled CNTs and the intensity ratio is 0.85. For the DLC-CNT composite coating, its Raman spectrum is a combination of the amorphous carbon and the CNTs and its intensity ratio is 0.71.
Even though the amorphous carbon layer is the outside layer, but the Raman features from the CNTs are in dominant. Figure 7 Comparison of the Raman spectra between DLC film and VACNT film grown from Ag-SS and DLC-CNT composite coating grown from the low-density CNT film.
Formation mechanisms
Schematic diagrams of three typical composite structures are shown in Figure 8 . PVD process is applicable to fabricate the double layers structure (Figure 8(a) ), because the sputtered particles with high kinetic energy can be supported with the dense VACNT film. This composite structure is capable to be used as electrode for lithium-ion batteries [37] , because the CNT array is an excellent current collector, which exhibit low internal resistance and low charge transfer resistance.
In a CVD process, the volatile precursors are feasible to diffuse into gaps between the aligned CNTs. However, the interactions between the nanofiber reinforcements and the matrix are complex, while the matrix can accumulate on the tips of the nanofibers to form the composite structure as shown in Figure 8(b) . More defects could be generated which is useful to improve the electrical conductivity of nanocomposite coating and benefit the application of this type of nanocomposite coating in energy storage due to the active sites [49] .
To acquire the well-designed nanocomposite structure shows in Figure 8 (c), lowdensity nanofiber films are needed which is benefit for the diffusion of the volatile precursors. Several ways were reported to control the density of the CNT films by modifying the catalyst films, such as patterning by electron beam lithography or photolithography [50, 51] , size control of the catalyst particles, or composition adjustment of the catalyst film [52, 53] . The composite catalyst film applied in this study is a convenient and cost-effective way to control the density of the VACNT film. However, due to the high sputter rate of Ag, some large Ag particles were formed during the sputtering process which may affect the performance of the 
Wettability and roughness
Wettability is used to evaluate the interactions between a surface and a liquid. It is known that VACNT is superhydrophobic due to its nanostructure. In this study, the composite surface was influenced by the bottom VACNT film. Besides, wettability of the composite surface can affect the interactions between the composite surface and counterparts in wet conditions. Wettability of the CNT related coatings were investigated which are shown in Figure 9 . Variation of the contact angles are mainly Roughness /nm Figure 9 Contact angle and surface roughness of the DLC coating, the DLC-CNT coating deposited from high density VACNT film, and the DLC-CNT coating deposited from low density VACNT film.
Electrical conductivity
Electrical conductivity of the as-deposited composite coatings was measured by a four-probe tester with 1 mm probe distance. CNTs are known for their high electrical property along the axis of the nanotube which had been spin together as lowresistance electrical wires [54] . However, the electrical conductivity of the VACNT film is also affected by the vacancies between the CNTs. It is revealed that the VACNT films grown from the SS catalyst film presented a sheet resistance of 8.36
, which is much higher compared to that of the VACNT film grown from the Ag-SS catalyst film (135 Ωsq ). This is because Ag particles embedded in the VACNT film also equipped with high electrical conductivity, and the catalyst layer was helpful to decrease the overall sheet resistance of the film.
It was measured that the amorphous carbon film was nonconductive due to the disordered carbon within the film. However, the DLC-CNT nanocomposite coatings were verified to be conductive though relatively high sheet resistances were respectively. The DLC-CNT-low composite coating presents a higher sheet resistance because the amorphous carbon was well infiltrated to form a denser composite structure with less voids and defects. The conductivity of the nanocomposite coating can be attributed to the defects within the coatings, whilst the embedded CNTs can provide channels for the transfer of electrons.
Conclusions
This article has provided a deeper insight into the formation of the CNTs reinforced nanocomposite coating, while the two-step strategy was applied to build up the composite structures based on the VACNT films. Novel ASP technique was utilized to prepare the SS and Ag-SS catalyst films in order to control the growth of CNTs. It was proved that well-designed DLC-CNT nanocomposite coating can be achieved using the low-density VACNT film through the CVD approach, which had a dense structure and conductive. Besides, the double layer structures can be formed with the high-density VACNT film using both PVD and CVD process, because the dense CNT array can prohibit the continuous infiltration of the matrix. These nanocomposite structures may offer highly diverse properties due to their unique structures, which can be used as electrodes, biosensors, etc.
